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Exploring Hypersonic, Unstructured-Grid Issues
through Structured Grids
Ali R. Mazaheri∗and Bil Kleb†
Pure-tetrahedral unstructured grids have been shown to produce asymmetric heat trans-
fer rates for symmetric problems. Meanwhile, two-dimensional structured grids produce
symmetric solutions and as documented here, introducing a spanwise degree of freedom to
these structured grids also yields symmetric solutions. The effects of grid skewness and
other perturbations of structured-grids are investigated to uncover possible mechanisms be-
hind the unstructured-grid solution asymmetries. By using controlled experiments around
a known, good solution, the effects of particular grid pathologies are uncovered.
These structured-grid experiments reveal that similar solution degradation occurs as
for unstructured grids, especially for heat transfer rates. Non-smooth grids within the
boundary layer is also shown to produce large local errors in heat flux but do not affect
surface pressures.
I. Introduction
Hypersonic unstructured-grid development has attracted considerable attention due to the complexityof generating and adapting structured grids. Despite the advantages of unstructured grids, several issues
with unstructured-grid techniques have been reported.1–3 Gnoffo and White4 showed that aerothermody-
namic computations over an axisymmetric geometry with a pure-tetrahedral unstructured grid, result in
asymmetric predictions in the spanwise direction and across the symmetry plane. In their study, a uniformly
biased unstructured grid was generated from a structured grid and the surface heat transfer rates were com-
pared with a structured grid solution. The unstructured grid and solution from Reference 4 are shown in
figure 1.
Nompelis et al.5 developed a hybrid implicit method for the solution of compressible Navier-Stokes equa-
tions on hybrid unstructured meshes. With this method, flow over a circular cylinder traveling at Mach 17.6
was simulated on several hybrid unstructured meshes. Heat transfer rate predictions were asymmetric for
all the hybrid unstructured meshes except for the grid with hexahedral cells within the bow shock region.
The surface pressure distributions were, however, symmetric with respect to the stagnation line although
spanwise variations were present for all grid cases.
Understanding the fundamental mechanism that causes an unstructured-grid technique to yield such
unphysical behavior is essential to developing robust unstructured-grid techniques. While other efforts are
focused on unstructured meshes, this study uses structured-grid aerothermodynamic simulations to search
for grid characteristics that lead to similar asymmetries. If the effects of the grid are large and unpredictable,
a better solver needs to be developed and experience in grid pathologies becomes crucial.
In this paper, structured meshes are first shown to provide a spanwise-symmetric solution for the Mach
17 cylinder case of Gnoffo and White4 and then used to mimic characteristics of unstructured meshes. Grid
skewness, asymmetries, and high and low frequency perturbations of unstructured grids are all modeled
within the structured grid framework. These results are studied to discern which types of perturbations lead
to asymmetric predictions.
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body, hypersonic flow simulation on unstructured grids, 
even though the carbuncle phenomenon is not specifically 
observed.  Restriction of the limiters in boundary layers 
and free shear layers to prevent corruption of computed 
heating levels is discussed below. 
Heating Benchmarks: Benchmark cases for 
hypersonic flow over a sphere and a cylinder at V! = 5000 
m/s, "! = 0.001 kg/m
3
, T! = 200 K  (approximately Mach 
17) consistent with earlier LAURA benchmarks, have been 
intensively worked during the HEFSS code development 
process. The structured LAURA grid, adapted to align with 
the bow shock, is shown in the bottom part of Fig. 2. The 
unstructured grid for the HEFSS tests (top of Fig. 2) is 
formed directly from the structured grid. Both grids are 
three-dimensional (structured hexahedra (hexes), 
unstructured tetrahedra (tets)). An unstructured surface 
grid with ten spanwise cells is shown in Fig. 3. The grid is 
biased with diagonals running in the same direction. The 
biasing is intentionally retained to test simulation quality 
under adverse conditions. Spanwise symmetry of the 
solution across the bias is easily monitored. Comparisons 
to the structured grid LAURA results are used as 
benchmarks in the evaluation process. 
The single spanwise cell simulation results with Option 2 (STVD) are shown in Fig. 4. In this case there are no 
interior nodes in the spanwise direction. The HEFSS results for heating and pressure at surface nodes (indicated by 
symbol location) on the front and back plane are presented; the pressure symbols on the front and back plane exactly 
match, the heating levels exhibit a very small offset (less than half a symbol height). Good agreement with the 
LAURA reference is achieved and the near perfect over plotting of the front and back plane results indicates 
excellent spanwise constancy. The ten spanwise cell simulation results with Option 2 (STVD) are shown in Figs. 5 
and 6. In this case there are nine interior nodes on each spanwise line as shown in Fig. 3. The value at every surface 
node from the HEFSS simulation is plotted. The eleven spanwise nodes for pressure again show excellent overlap 
but the heating shows significant spanwise variation approaching the y=0 plane (Fig. 5) with the maximum spread in 
the stagnation region and solution quality improving away from the stagnation region. The average value of both the 
pressure and heating continue to be in good agreement with the LAURA results. The equivalent result using Option 
1 with the Venkatakrishnan limiter is shown in Fig. 7. In this case, pressure constancy is slightly degraded and more 
 
Fig. 3: Uniformly biased, unstructured surface 
grid derived from structured grid with ten 
spanwise cells. 
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Fig. 4: Pressure and heating distribution for 
cylinder test case with 3D, uniformly biased, 
unstructured grid across one spanwise cell. 
 Fig. 5: Heating contours in stagnation region of 
cylinder with 10 spanwise cells 
(a) Surface grid.
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significant asymmetry in heat transfer is evident. Though 
not shown, the Option 1 results with the Barth limiter are of poorer quality and appear more like a first-order result. 
In all cases, the symmetry of shock layer contour plots of pressure, temperature, and Mach number show consistent 
trends; the spanwise symmetry properties of the Option 2 path are superior to all other tested options. 
 These results demonstrate that solution quality for stagnation point heating behind strong shocks using tets all 
the way to the wall is poor using any of the reconstruction options discussed herein. It is unfair to lay all of the 
blame on the Green-Gauss formulation of viscous gradients across high aspect ratio cells when the results are so 
obviously sensitive to the higher order inviscid formulation. In any case, the freedom to utilize tets across the entire 
domain – even to the wall – provides the greatest flexibility for future grid adaptation.  Note that the first-order, 
dge-based reconstruction in Eq. 9 only involves information at nodes R and L. A conjecture is offered that a truly 
multi-dimensional reconstruction of the flux at every 
face could overcome some of the simulation quality 
issues noted above. A multi-dimensional upwind (MDU) 
algorithm for high speed flows has recently been 
developed
27,28
; it is not yet known how it would perform 
on the ten-spanwise-cell cylinder test problem for 
hypersonic, blunt-body heating. 
Reacting Gas Benchmark:  The heating benchmark 
case described above has been repeated for a five species 
air model in chemical nonequilibrium and thermal 
equilibrium. Only the single spanwise cell grid is used. 
A fully catalytic wall boundary condition is 
approximated by specifying mole fractions at the wall 
equal to mole fractions in the cold freestream. The 
equivalent LAURA solution is again utilized as a 
benchmark. Excellent agreement between LAURA and 
HEFSS predictions for species mass fraction across the 
shock layer and boundary layer are observed in Fig. 8. 
Surface heating, including conduction and diffusion 
components, show excellent agreement (Fig. 9) outside 
of the stagnation region. The HEFSS prediction of 
stagnation point heating is slightly less than LAURA, 
consistent with results of Fig. 4. Shear stress is 
compared in Fig 10; it indicates an obvious sensitivity to 
 
Fig. 6: Pressure and heating distribution for 
cylinder test case with 3D, uniformly biased, 
unstructured grid across ten spanwise cells with 
Option 2. 
 
Fig. 7:  Pressure and heating distribution for 
cylinder test case with 3D, uniformly biased, 
unstructured grid across ten spanwise cells with 
Option 1. 
 
Fig. 8: Species mass fraction distribution across the 
stagnation streamline. 
(b) Solution.
Figure 1. Surface pressure and heat transfer rate distributions for a biased unstructured grid (from Ref. 4.)
II. Computational Modeling
For this study, the extruded cylinder case of Gnoffo and White4 is used for all computational simulations.
Perfect gas, laminar air flow is modeled with the structured-grid Langley A rothermodynamic Upwind
Relaxation Algorithm (Laura)6,7 for the forebody of a 1m radius cylinder traveling at Mach 17.6 with a
Reynolds number of 3.77×106. The full Reynolds-Averaged Navier-Stokes equati ns are iteratively converged
until the L2 norm of the residuals is 10−9.
A fully symmetric structured-grid over the 1m long extruded cylinder baseline g i is generated by
cre ting a symmetric, bow-shock aligned structured grid on a two-dimensional cylinder and then extruding
the grid in a spanwise direction with a consta t cell size increment. This baseline grid is shown in Figure 2
(a) Extrusion/topology.
Flow
Outflow
Outflow
Symmetry plane
Symmetry plane
(b) Boundary conditions.
Figure 2. Baseline computational domain.
and contains a total of 38,400 computational cells, 60 × 10 × 64. A no-slip boundary condition is imposed
on the solid surface, the outer boundary is specified as free-stream, and symmetry is assigned for the two
remaining surfaces.
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(a) Baseline grid (b) Spanwise stretched grid (c) Partial grid misalignment (unmodi-
fied BL)
(d) Partial grid misalignment (including
BL)
(e) Symmetric irregular & skewed grid
(unmodified BL)
(f) Symmetric irregular & skewed grid
(including BL)
Figure 3. Structured grids perturbations (continued).
This baseline grid is manipulated in several different ways to mimic unstructured-grid characteristics.
Figure 3 includes this baseline grid and all the perturbations explored during this study. To reduce repetition
in the following discussion, each subfigure corresponds to a case name, e.g., subfigure 3b will correspond to
Case B, 3c will be known as Case C, and so on. Case A will also be referred to as the baseline case.
Case B has spanwise spacing gradually increased to make the grid anisotropic along this direction. For
all remaining cases, the surface grid points are kept the same as the baseline grid.
To determine the affects of grid misalignment with the bow shock, Cases C and D have one third of the
computational cells misaligned with bow shock. The misaligned region is centered on the stagnation point,
which has been stretched by 50% and linearly blended back to the baseline grid by the 20th and the 40th cells
in the i-direction. Spline interpolation is used in the k-direction. To separate the effects of computational
cell structure within the boundary layer, the first forty cells normal to the surface are frozen in Case C, while
the cells within the boundary layer was also modified for Case D using a linear interpolation between the
surface grid points and the 40th grid points normal to the surface.
To mimic tetrahedral-grid faces not aligned with the bow shock, high-frequency perturbations are added
to the grid coordinates along k lines by alternating arclength stretching factors in the i- and j-directions of
the baseline case. Cases E–G are grids with high-frequency perturbations, while cases H–J have perturbation
of lower frequency. Cases E and F are symmetric in the spanwise direction and across the stagnation line,
with unmodified and modified cells within boundary layer regions, respectively. Cases E and F are generated
by stretching the k-arclength by 20% for every i and j indicdes. For Case E, the first forty cells that lie
within the boundary layer are not altered, while all the grid cells are modified in Case F. Case G is created
similar to Case E with the exception that the acrlength change varies from the 2.5% to 40%. Case G is non
uniform in the spanwise direction but symmetric with respect to the stagnation line.
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(g) Asymmetric irregular & skewed grid
(unmodified BL)
(h) Symmetric saw tooth grid (unmodi-
fied BL)
(i) Biased asymmetric saw-tooth grid
(unmodified BL)
(j) Smoothed asymmetric grid (unmod-
ified BL)
(k) Irregular & skewed grid (modified
BL; fixed outer boundary)
(l) Skewed BL grid with the baseline
grid
Figure 3. Structured grids perturbations (concluded).
Case H is created by increasing the k-acrlength of every fourth i index, and of all the j indices by 10%.
Case I is similar to the Case H except that every third i index is altered so that the grid becomes biased
asymmetric in i-direction. To generate Case J, the k-arclength of every other four i indices located on the
symmetry planes was increased by 50%. An increase of 25% was added to the k-acrlength at j=5. The
grids are then blended using an elliptic interpolation in i- and j-directions, and a linear interpolation in
k-direction.
Case K is generated by skewing the baseline grid from the surface out to the outer boundary. In this
case the outer boundary is kept the same as the baseline grid, and the k-arclength of every second i index is
increased by 15%. In Case L, however, only the first 30 cells within the BL are modified. This means that
the outer boundary and the shock region remain aligned with the bow shock for both cases.
III. Results and Discussions
Aerothermodynamic properties including the surface pressure, p, surface heat transfer rates, q, bow shock
thickness, and bow shock stand-off distance are compared with the baseline case shown in Figure 4. As above,
the solution on this grid is referred to as the baseline solution and Figure 4b confirms a symmetric solution
across the stagnation line. The results of this baseline case are compared against all other grids shown in
Figure 3 to search for mechanisms that lead to the asymmetric behavior observed with unstructured-grid
meshes.
For all cases, surface pressures and heat transfer rates are compared with the baseline case, in Fig-
ure 5. Case B shows that the heat transfer rate distributions remained symmetric with spanwise anisotropy.
However, this spanwise-stretched grid under-estimates the surface heat transfer rates by about 4% at the
stagnation point, while surface pressure remains undisturbed.
Case C shows minor circumferential asymmetries for the heat transfer rate close to the stagnation region,
but otherwise spanwise symmetry.
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(a) Mach contours. (b) Surface distributions.
Figure 4. Hypersonic flow over extruded cylinder for baseline case of Mach 17.6 and Reynolds number of
3.77× 106.
Upon also modifying the cells within the boundary layer, however, Case D shows acute asymmetric
predictions of the surface heat transfer rates in the circumferential direction, while remaining symmetric in
the spanwise direction. Note that the asymmetric behavior only appears in the region where the mesh is
misaligned with the bow shock. Case E under-estimates the surface heat transfer rates by 5% when compared
to the baseline solution. For Case F, however, where the grid cells within the boundary layer are also altered,
this under-prediction is more severe (8%). Note also that both grids yield symmetric circumferential and
spanwise solutions. Case G shows asymmetric surface pressure and heat transfer distributions in spanwise
direction. Case G, however, did not produce asymmetric results in the circumferential direction. Comparing
the results of Case G with Cases B–F shows that spanwise grid asymmetries cause asymmetries solutions
along the same direction.
Examining Cases H–J shows that irregular and skewed structured grids with low frequency irregularities
result in predictions that deviate from the baseline solution by 4–12%. Case H shows that an intermittent
symmetric saw-tooth grid causes the heat transfer rates and surface pressure to be higher than that of the
baseline case at the stagnation point by 4%, while Case I shows that a combination of low frequency irregular
cells and asymmetric properties in circumferential direction lead to asymmetric computational predictions.
(a) Baseline grid (b) Spanwise stretched grid (c) Partial grid misalignment (unmodi-
fied BL)
Figure 5. Variations of surface pressure and heat transfer rates for hypersonic flow over extruded cylinder at
Mach 17.6 and Reynolds number of 3.77× 106. The symbols represent the modified grid solutions with each
spanwise station over plotted, and the lines are the baseline solution (continued).
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And as before, the asymmetry of the surface heat transfer rates is more pronounced than for the surface
pressure.
Case J, having a combination of low frequencies in spanwise direction under-estimates the surface heat
transfer rate distributions by as much as 12%. In addition, both pressure and surface heat transfer rates are
spanwise asymmetric. Comparing the results of Cases G and J, which both have asymmetric grids in the
spanwise direction, shows that asymmetric grids in spanwise direction lead to spanwise asymmetries.
Cases K and L reveal whether the errors associated with the skewed and irregular grids are inherited
from the shock or from the boundary layer. Recall that the grid for Case K alters cells within the BL while
Case L leaves them unmodified. Both cases show a 5%–6% error in heat transfer rate calculations. So while,
grid skewness within the boundary layer creates a large local error in prediction of heat transfer rates (see
Case D) the combination of grid irregularities in the shock and BL regions reduces the local error.
(d) Partial grid misalignment (including
BL)
(e) Symmetric irregular & skewed grid
(unmodifiedBL)
(f) Symmetric irregular & skewed grid
(including BL)
(g) Asymmetric irregular & skewed grid
(unmodified BL)
(h) Symmetric saw tooth grid (unmodi-
fied BL)
(i) Biased asymmetric saw-tooth grid
(unmodified BL)
(j) Smoothed asymmetric grid (unmod-
ified BL)
(k) Irregular & skewed grid (modified
BL; fixed outer boundary)
(l) Skewed BL grid with baseline grid
Figure 5. Concluded.
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Table 1. Bow shock thicknesses
and stand-off distances.
Case h/r δ/r
A 0.06 0.45
B 0.06 0.45
C 0.09 0.43
D 0.09 0.44
E 0.07 0.47
F 0.07 0.48
G 0.10 0.49
H 0.07 0.45
I 0.08 0.46
J 0.09 0.44
K 0.07 0.46
L 0.06 0.45
The bow shock thickness, δ/r, and its stand-off distance, h/r, for all the
cases are tabulated in Table 1, where the shock thickness is defined as the
closest distance between the sonic line and the free-stream mach contour. The
tabulated data shows that the shock stand-off distance, δ/r, is about 0.45,
regardless of the grid topology a. The bow shock thickness, however, varies by
as much as 70% when compared with the baseline case. Computational results
showed that the bow shock shape is highly affected by the outer boundary grid
cells, emphasizing the importance of the grid alignment with the bow shock in
accurately predicting the shock and aerothermodynamic properties. However,
for all the cases studied except in Cases C and D, the bow shock is confined
within two cells. This is due to the one-dimensional operator splitting of the
cell-centered shock capturing algorithm. As an example, the bow shock for
Case F is shown in Figure 6.
Figure 6. Bow shock structure for Case F.
The claim is often made that grid effects are more serious for heat transfer
rate than skin friction. To examine this hypothesis, heat transfer rates and skin
friction coefficients, Cf , are shown in Figure 7. The grid irregularities affect
the heat transfer rate by as much as 18% but the skin friction deviates from
the baseline values by only 6%.
(a) Heat transfer. (b) Skin friction.
Figure 7. Distribution variations for all cases. The solid lines depict the baseline
case while the symbols represent all the results in Figure 5.
aThe inviscid approximations of Probstein8 and Seiff9 give 0.42.
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IV. Conclusions
In this paper, mesh sensitivity for structured-grid hypersonic aerothermodynamic simulations were in-
vestigated. The analyses were studied with Laura to investigate the asymmetric issues known for pure
tetrahedral unstructured-grid computational aerothermodynamic simulations. Structured-grid meshes were
manipulated to mimic unstructured-grid characteristics for blunt body traveling at the Mach 17.6 with a
Reynolds number of 3.77× 106. The results reveal the following pathologies:
• Grid alignment with the bow shock plays an important role in predicting an accurate computational
aerothermodynamic results for blunt body hypersonic problems.
• Spanwise anisotropic grid cells under-predict the surface heat transfer rate distributions but do not
lead to asymmetric results.
• Highly irregular and skewed grid cells lead to under-prediction of surface quantities, but remain sym-
metric if the grid is symmetric in the spanwise direction.
• Asymmetric grid cells with low frequencies perturbation result in asymmetric computational results.
• Irregular symmetric grid cells with low frequency irregularities have a greater effect than those with
higher frequencies.
• Grid irregularities within the boundary layer lead to large local error in heat transfer rate prediction.
Based on this investigation, the current dimensionally-split flux scheme fails to adequately compensate for
grid irregularities and yields to large errors in surface pressure and heat transfer rates. This fuels the ongoing
quest for truly multidimensional algorithms.
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